Inference of antibody gene repertoires using transcriptome data has emerged as an alternative approach to the complex process of sequencing of adaptive immune receptor germline gene loci. The diversity introduced during rearrangement of immunoglobulin heavy chain variable (IGHV), diversity, and joining genes has however been identified as potentially affecting inference specificity. In this study, we have addressed this issue by analysing the nucleotide composition of unmutated human immunoglobulin heavy chains-encoding transcripts, focusing on the 3ö most bases of 47 IGHV germline genes. Although transcripts derived from some of the germline genes predominately incorporated the germline encoded base even at position 320, the last base of most IGHV genes, transcripts originating in other genes presented other nucleotides to the same extent at this position. In transcripts derived from two of the germline genes, IGHV3-13*01 and IGHV4-30-2*01, the predominating nucleotide (G) was in fact not that of the gene (A). Hence, we suggest that inference of IGHV genes should be limited to bases preceding nucleotide 320, as inference beyond this would jeopardize the specificity of the inference process. The different degree of incorporation of the final base of the IGHV gene directly influences the distribution of amino acids of the ascending strand of the third complementarity determining region of the heavy chain. Thereby it influences the nature of this specificity-determining part of the antibody population. In addition, we also present data that indicate the existence of a common so far un-recognized allelic variant of IGHV3-7 that carries an A318G difference in relation to IGHV3-7*02.
Introduction
Antibodies -proteins critically involved in our defence against infectious agents, toxins etc. -are encoded by a limited number of germline-encoded genes that are rearranged and subsequently often somatically hypermutated to generate a vast diversity of antibodies. Antibodies produced by individual B cells are composed of two identical copies each of two types of chains, the heavy (H) and the light (L) chain, which both undergo these processes. The rearrangement processes that occur in different B cells mostly generate vastly different rearrangements, in particular in the H chain. Its variable (V) domain is generated from three types of genes; immunoglobulin heavy chain variable genes (IGHV), immunoglobulin heavy chain diversity genes (IGHD), and immunoglobulin heavy chain joining (IGHJ) genes. Initially a single IGHD and a single IGHJ gene are rearranged and subsequently these combined genes are rearranged with a single IGHV gene. The rearrangement process is imprecise in that the site of rearrangement is somewhat variable and in that palindromic (P) or nontemplated (N) bases may be inserted between the rearranged genes.
This variable process, and the different lengths of the genes in question, also result in a very diverse length of the third complementarity determining region (CDR3), the part of the H chain V domain that is the result of a rearrangement process.
Although highly diverse, the repertoire of antibodies is dependent on the gene repertoire available in an individual's germline. Indeed, the availability of particular genes may contribute to the ability of an individual to generate a particular immune response, as exemplified by the different abilities of the products of different allelic variants of the IGHV1-69 germline gene to generate responses against human immunodeficiency virus 1 and influenza viruses (Hwang et al., 2014; Pappas et al., 2014) . Sequencing of antibody encoding genes has contributed vastly to our understanding of the nature and diversity of specific binders. Lately, the introduction of high throughput sequencing methodology and sequencing of large populations of antibody genes as well as of genes encoding antigen-specific antibodies have substantially enhanced our understanding of immune responses (Georgiou et al., 2014) . Bioinformatics pipelines (Brochet et al., 2008; Yaari and Kleinstein, 2015) allow us to analyse and interpret the vast data sets that are generated by such technology in great depth.
The highly variable H chain CDR3 is considered critical for the binding properties of many antibodies (Xu and Davis, 2000) . The ascending part of the loop that comprises CDR3 of the H chain V domain is typically generated by the rearrangement process that fuses the germline IGHV and IGHD genes. Many IGHV genes have eight or more bases 5′ to the heptamer of the recombination signal sequence (RSS) (Fig. 1) , bases that may contribute to the diversity of the hypervariable loop. As a consequence of the limited diversity of these germline-encoded bases, their incorporation restricts the diversity of CDR3, as evidenced by the common occurrence of the alanine and arginine following the conserved cysteine that precedes CDR3. Not only the precise sequence of this part of the IGHV gene but also the preferred site of recombination will eventually influence the extent of diversity and composition of the repertoire. With access to data describing antibodyencoding sequences at great depth, it is now possible to assess the extent of contribution of these bases to the naïve antibody repertoire.
Large sets of immunoglobulin-encoding sequences also allow us to extend our knowledge of antibody-encoding germline genes present in different populations and in different subjects. Complete characterization of immunoglobulin loci is a tedious process (Watson et al., 2013) . Immunoglobulin-encoding transcriptomes have consequently been used to, through automated inference processes (Corcoran et al., 2016; Gadala-Maria et al., 2015; Ralph and Matsen, 2016) , identify the germline repertoire available to individual subjects and also to identify new immunoglobulin encoding germline genes of human and other species, genes that are currently not recognized by IMGT, the widely used database in immunogenetics and immunoinformatics. Specific measures have been proposed to demonstrate validity of the inference process (Kirik et al., 2017a,b) . In that study we identified that diversity introduced as a consequence of the recombination process may affect the specificity of the inference process, a finding that warrants further evaluation.
In the present study, we analysed the diversity of the ascending part of CDR3 of the H chain V domain of rearranged, unmutated human IgM-encoding sequences found among transcripts isolated from peripheral blood cells of six individuals. The sequences have an origin in 47 different germline genes/alleles of seven IGHV subgroups. We demonstrate that even the last base of some genes/alleles is predominantly that of the germline gene, but also that several genes/alleles do not predominantly incorporate this base in B cells that reach the peripheral cell pool. This suggests that inference of the base immediately preceding the heptamer sequence of the RSS of new germline genes, cannot be made with confidence. Furthermore, the findings suggest that the diversity of the ascending strand of CDR3 of antibody H chains derived from different germline genes may be substantially different even if the corresponding bases of the germline genes are the same. Altogether, these findings have implications for approaches taken to infer new germline gene sequences as well as for our interpretation of the diversity of antibodies, for instance those of specific immune responses and stereotyped antibody responses.
Materials and methods

Sample preparation and sequencing
Peripheral blood and bone marrow samples were collected from six allergic subjects out of season of seasonal allergens (Levin et al., 2017) , as approved by the regional ethical review board at Lund University. Libraries containing transcripts encoding the V domain of antibody H chains were constructed and sequenced as previously described (Levin et al., 2017) . Briefly, mononuclear cells were isolated and divided into duplicate samples. cDNA produced from RNA of these cells was amplified using Biomed2 primers (van Dongen et al., 2003) annealing to IGHV gene sequences encoding V domain framework 1, and isotypespecific primers annealing to the part of the sequence that encode the first constant domain, respectively. Initial PCR products were subsequently barcoded using PCR. Sequencing was performed at the National Genomics Infrastructure (SciLifeLab, Stockholm, Sweden) using pairedend (2 × 300 bp) MiSeq technology (Illumina, Inc. San Diego, CA, USA) (Levin et al., 2017) . The FASTAQ raw data are available from the European Nucleotide Archive (accession number: PRJEB18926).
Sequence data processing
pRESTO 0.4.4 (Vander Heiden et al., 2014) was used to filter, trim, pair and assemble the sequences in the generated FASTQ file, and to split the FASTQ files into isotype specific FASTA files as previously described (Levin et al., 2017) . Sequences assigned to each isotype were Fig. 1 . Sequences of bases at the 3′-end of germline genes/alleles investigated in this study up to and including the heptamer sequence. The sequences were derived from the IMGT database (Lefranc, 2011) , or in the case of IGHV1-2*02 T163C ( †) from the IgPdb database (http://cgi.cse.unsw.edu.au/ ∼ihmmune/IgPdb). IGHV1-30*18( ¶) is identical to IGHV3-30*03 in the part of the sequence that is inferred by IgDiscover by the herein used approach, but differs from IGHV3-30*03 in codon 106. IGHV4-59*08 ( §) represents a sequence that was also recently associated to IGHV4-61 (GenBank accession number KX389267) (Parks et al., 2017). expected to contain an isotype-specific sequence, and sequences lacking such an appropriate sequence were discarded (Levin et al., 2017) . For IgM encoding sequences in peripheral blood samples, germline genes were inferred using IgDiscover (Corcoran et al., 2016) as previously described (Kirik et al., 2017b) . The germline gene libraries were downloaded from IMGT (Lefranc, 2011 ). The IGHV library was modified so as to cover codon 25-105, i.e. from two codons 5′ of the sequence encoding CDR1 up to and including the first codon encoding CDR3. Subsequently, any sequences that had errors compared to the inferred IGHV gene (i.e. mutations or carried sequencing/PCR artefacts), that covered less than 99% of the inferred IGHV gene, or that had less than 8 amino acids in the CDR3 were discarded.
Analysis of nucleotide and amino acid composition in codon 105-107
For any allele (as defined using IgDiscover analysis) of an IGHV gene with at least 500 remaining transcript entries in at least three of the individuals (47 alleles in total), the nucleotide sequence and encoded amino acid composition of codon 105-107 were analysed. For each allele of a germline gene, the number of subjects for which these conditions were fulfilled is presented in Table 1 in Ref. Thörnqvist and Ohlin (2018) . For four of the germline genes, which proceed into the first base of codon 108, additional analysis of the nucleotide composition of this base was performed. Mean frequency values of each nucleotide/amino acid at each position were calculated based on frequencies in the subjects with at least 500 entries. Illustrations were generated using WebLogo 3.5.0 (Crooks et al., 2004) .
Analysis of unrelated data
The nucleotide composition in another, unrelated set of transcripts encoding paired H and L chain V domains as isolated from peripheral blood memory B cells of three subjects (Sequence Read Archive: SRX709625, SRX709626 and SRX709627) (DeKosky et al., 2015) was also evaluated. The raw data were pre-processed as above (using pRESTO 0.5.4 (Vander Heiden et al., 2014)), but not separated by isotype. IgDiscover mainly handles IgM sequences. Consequently, determination of IGHV allele origin was instead done using IMGT HighV-QUEST (Alamyar et al., 2012) after removal of duplicate sequences with the pRESTO 0.5.4 CollapseSeq tool (Vander Heiden et al., 2014) . Finally, sequences that could not be inferred to a single IGHV allele, that had been inferred as unproductive, or that had less than 8 amino acid in the CDR3 were discarded. Sequences assigned to specific germline genes were further analysed with respect to the makeup of codon 105-107/108, as described above but with minimum 250 entries per individual. 34 of the studied germline genes/alleles were represented in at least one of the subjects (see Table 1 in Ref. Thörnqvist and Ohlin, 2018) ). One of the germline alleles, IGHV1-2*02 T163C, would by IMGT HighV-QUEST be inferred as either IGHV1-2*02 or IGHV1-2*05. Only sequences that were exclusively inferred to a single IGHV allele were used, which is why IGHV1-2*02 could not be evaluated.
Antibody variable domain structures
Structures of antibody fragments with an origin in particular germline genes were identified by use of the IMGT/3Dstructure-DB and IMGT/2Dstructure-DB tool (Ehrenmann and Lefranc, 2011) . Coordinates were downloaded from the Protein Data Bank (http://www. rcsb.org/pdb) and structures visualized using MacPyMOL (version 1.8.0.6, Schrödinger, LLC).
Results
The VDJ recombination event of antibody H chain-encoding genes give rise to the sequence that encode CDR3, a highly variable region important for the binding properties of an antibody. The ascending part of CDR3 of unmutated antibody H chains is generally encoded by bases of the IGHV germline gene, bases generated by the IGHV-IGHD/IGHJ rearrangement process and bases of the IGHD germline gene. The recombination events include trimming of the involved genes, addition of P nucleotides as well as of non-templated N nucleotides. To assess the diversity and origins of this part of CDR3, we analysed processed next generation sequencing (NGS) data representing IgM-encoding transcripts of peripheral blood samples of six individuals, with a focus on nucleotides that may have an origin in the IGHV-gene, i.e. those bases that precede the heptamer sequence of the RSS. In many human IGHV germline genes there are 8 such bases (Fig. 1) . The composition of nucleotides at codon 105-107 was evaluated for transcripts with an origin in 43 different IGHV germline genes/alleles. The composition of nucleotides at codon 105-108 were evaluated for transcripts with an origin in 4 additional IGHV germline genes/alleles that have 10 bases between codon 104 and the heptamer sequence. Comparison of the nucleotide composition in transcripts of each individual showed that the composition did not vary between subjects, with standard deviations of nucleotide frequency generally lower than 1% and never exceeding 5.2%.
3.1. The predominance of the nucleotide that corresponds to the last base of an IGHV gene vary greatly between transcripts originating in different germline genes
The frequency of the predominant nucleotide in transcripts was in all cases over 60% at the positions preceding the second base of codon 107 (i.e. nucleotide 320) ( Fig. 2 and Fig. 1 in Ref. Thörnqvist and Ohlin, 2018) , which is the last base of most of the studied germline genes (Fig. 1) . At this position though, the frequency dropped noticeably in transcripts with an origin in some of the studied IGHV genes. For instance, for IGHV4-59*01 the frequency of the predominating nucleotide A (33 ± 2%) was just slightly higher than that of G (27 ± 2%) (Fig. 2B) . Also for the examined unrelated data set (DeKosky et al., 2015) , frequencies of A (32 ± 3%) and G (33 ± 4%) were in the same range (Fig. 2C) . Still, for several other germline genes, the frequency of the major nucleotide remained over 60% also at position 320 ( Fig. 1 in Ref. Thörnqvist and Ohlin, 2018) . In the case of four of the investigated IGHV genes/alleles, IGHV2-5*01, IGHV2-5*02, IGHV2-70*01, and IGHV3-9*01, the IGHV germline gene proceeds into the first base of codon 108. While the frequency of the main nucleotide for transcripts with an origin in IGHV3-9*01 remained over 60% until it dropped at position 322, the frequency dropped below 60% already at position 320 or 321 for transcripts with an origin in IGHV2-5*01, IGHV2-5*02 or IGHV2-70*01 (Fig. 1 in Ref. Thörnqvist and Ohlin, 2018) . The last base of an IGHV gene can thus be dominated by one nucleotide in transcripts, as well as be almost evenly distributed between all four nucleotides. Hence, different germline genes/alleles are differently able to contribute to diversity by preferential incorporation of the final bases of the IGHV gene into the sequence that encode the ascending part of CDR3.
A predominant nucleotide does not necessarily match the corresponding base of the established germline gene
For most (42/47) of the germline genes/alleles investigated in this study all bases up to and including the heptamer sequence have been described (Fig. 1) . For the 5 additional genes (IGHV1-2*02 T163C, IGHV1-69*02, IGHV3-7*02, IGHV4-38-2*01, and IGHV5-10-1*01) the bases following codon 106 are not described. For all these alleles except IGHV5-10-1*01 the analysis indicated a predominance for GA as the two first bases of codon 107, in similarity to several other alleles of these genes. IGHV5-10-1*01 featured CA, just as another IGHV5 subgroup gene, IGHV5-51*01, does. For transcripts with an origin in 40 of the 42 described IGHV genes, the most prominent nucleotide at the last base was that of the proposed germline gene (Fig. 2 and Fig. 1 in Ref. Thörnqvist and Ohlin, 2018) , although it, as outlined above, in several cases was only marginally more prevalent (Fig. 2B and Fig. 1 in Ref. Thörnqvist and Ohlin, 2018) . For transcripts with an origin in IGHV3-13*01 and IGHV4-30-2*01 though, the frequency of A, the nucleotide found at position 320 of these germline genes, was only 17 ± 5% and 17 ± 2%, respectively (Fig. 2B) . Instead, the predominating nucleotide was in both cases G, at 49 ± 5% and 38 ± 2% respectively. The data set described by DeKosky et al. (DeKosky et al., 2015) offers an opportunity to assess this matter further. Transcripts with an origin in IGHV3-13*01 or IGHV4-30-2*01 were found in one and two of the subjects of that study, respectively. For these individuals, the same tendencies were observed. While the frequencies of G in transcripts derived from these germline genes were 50% and 34 ± 2% respectively, the frequencies of A were 27% and 23 ± 6% (Fig. 2C) . Altogether, these results highlight that the last base of some IGHV germline gene may actually even be under-represented in the transcript population of some IGHV germline genes. These investigated germline genes all carry a GA sequence motif in nucleotides 319 and 320. Examples included those that predominantly feature these bases (A) and those that either do not primarily incorporate the bases of the proposed germline genes or lack distinct predominance in position 320 (B). The results of the analysis of the full set derived from rearranged sequences with an origin in 47 germline genes is shown in Fig. 1 of Ref. Thörnqvist and Ohlin (2018) . Analysis of an unrelated data set (DeKosky et al., 2015) confirmed the low prevalence of germline-encoded A in position 320 in transcripts derived from rearrangements involving IGHV3-13*01 and IGHV4-30-2*01 as well as the lack of one distinctly predominant nucleotide in position 320 in transcript originating in the IGHV4-59*01 gene (C). All illustrations were generated using WebLogo 3.5.0 (Crooks et al., 2004) .
Allele IGHV3-7*02 (Winkler et al., 1992 ) is represented in the IMGT database by a sequence that carries an AGA trimer in codon 106. In the present study three subjects were, based on analysis of nucleotides of codon 27 up to and including 105, identified as carrying the IGHV3-7*02 allele (Kirik et al., 2017b) . Such otherwise unmutated sequences, however, primarily (93 ± 1%) incorporated G as the third base of codon 106 (Fig. 3A) . In contrast, transcripts of the six donors that used the closely related IGHV3-7*01 allele, in agreement with the reported sequence of the allele (Matsuda et al., 1993) , incorporated A (87 ± 1%) as the third base of codon 106 (Fig. 3A) . Also in the unrelated data set (DeKosky et al., 2015) , the most abundant nucleotide at the third base of codon 106 was A (74 ± 3%) for sequences with an origin in IGHV3-7*01 and G (74 ± 10%) for sequences with an origin in IGHV3-7*02 (Fig. 3B) . The present data thus suggest that there is a previously un-recognized, common allelic variant of IGHV3-7 that involves an A318G difference in relation to IGHV3-7*02.
Deviations towards germline genes do also affect translated amino acid sequences
In order to understand what impact deviations in nucleotide sequence in the transcripts compared to the germline gene might have on the encoded antibody, we also analysed the amino acid sequences encoded by the transcripts (Fig. 4) . Identified deviations in incorporation of bases in transcripts compared to the germline genes will often affect the composition of encoded amino acid sequences. The common GA motif in bases 319-320 (Fig. 4A) encode aspartate or glutamate, and any deviation from this motif will result in incorporation of a different amino acid in position 107 of the encoded H chain V domain. As a result of the variable incorporation of the final base of germline genes, we noted a substantial difference in amino acids encoded by codon 107 (Fig. 4) . In particular products derived from IGHV3-13*01 and IGHV4-30-2*01 germline mainly carried glycine (46 ± 6% and 33 ± 2%) in this position (Fig. 4A) . Similarly, in the case of IGHV4-59*01, the transcripts encoded primarily for glycine (Fig. 4A) . The total frequency of aspartic and glutamic acid did however exceed that of glycine. For many other IGHV genes, the amino acid mainly encoded by the Fig. 3 . Frequency of bases encoding the first three codons of CDR3 of immunoglobulin encoding transcripts derived from IGHV3-7 germline genes. Both investigated alleles (*01 and *02) of IGHV3-7 predominantly featured GA as the first two bases of codon 107 (A), in agreement with the sequence of germline gene IGHV3-7*01 (these bases have not been defined in the case of the *02 allele). However, codon 106 (bases 316-318) of sequences inferred as IGHV3-7*02 (but not those representing IGHV3-7*01) predominantly featured AGG, in contrast to this codon (AGA) of the sequence (GenBank accession number X92288) that defines this germline gene. Sequences derived from two donors of an unrelated data set (DeKosky et al., 2015) and characterized as derived from IGHV3-7*02 were similarly dominated by G as the final base of codon 106 (B).
transcripts corresponded to that of the germline gene, but was just slightly more common than another amino acid. Similarly, in the case of transcripts derived from germline genes carrying a CA motif in bases 319-320, there was a substantial difference in incorporation of residues (histidine and glutamine) encoded by these bases (Fig. 4B) . While transcripts derived from IGHV4-59*08 favoured incorporation in particular of histidine (36 ± 1%), those derived from IGHV3-73*01 and IGHV5-51*01 incorporated histidine at a substantially lower frequency (19 ± 0.3% and 21 ± 1%) close to that of the second-most common amino acid, leucine (15 ± 2% and 18 ± 2%) (Fig. 4B ).
Discussion
Correct interpretation of molecular events associated with development of adaptive immune repertoires require knowledge of the building blocks and processes that contribute to diversity. Numerous germline genes have been defined and included into the IMGT (the international ImMunoGeneTics information system) repertoire dataset (Lefranc, 2011) . However, the validity of various entries of the database has been questioned (Wang et al., 2008) and mounting evidence suggests that numerous other germline genes are present in the human population (Scheepers et al., 2015) . Unfortunately, sequencing of adaptive immune receptor germline gene loci of study subjects is an extremely complex endeavour, and remains well beyond the possibilities of most research studies. Inference of germline gene repertoires based on NGS adaptive immune receptor data sets (Corcoran et al., 2016; Gadala-Maria et al., 2015; Ralph and Matsen, 2016) has been developed as an alternative mode to define the repertoire of germline genes from which specific immunity develop.
Inference of immunoglobulin germline gene sets is particularly problematic as not only sequencing library generation and sequencing artefacts, but also somatic hypermutation, may contribute to diversity interpreted as encoded by the germline itself. We recently suggested that analysis of association of each inferred germline gene to individual haplotypes, as defined by haplotype-unique IGHD genes, or IGHJ and/ or IGHD alleles, offer an opportunity to support the validity of such inference (Kirik et al., 2017b) . In that study, we furthermore defined that inference of codons of germline genes that participate in the generation of CDR3, as expected, is complicated by e.g. the IGHV 3′ trimming and nucleotide insertion processes that are integral parts of IGHV-IGHD/IGHJ recombination events (Kirik et al., 2017a,b) . It was recently suggested that the extent of nuclease trimming differed between germline genes (Ralph and Matsen, 2016) . Consequently, we settled for an inference process that only incorporated bases up to and including codon 105. To fully appreciate diversity in antibody repertoires, analysis pipelines incorporating additional bases up to the heptamer RSS should be implemented if sufficient inference sensitivity and specificity can be maintained. In the present study, we demonstrate that the frequencies of bases other than the germline-encoded, as expected, increase substantially even in otherwise unmutated germline IGHV genes as we approach the genes' 3′-end. In several cases, like IGHV4-59*01 and IGHV5-51*01, the germline encoded base at position 320 is only marginally more common than other bases and in transcripts of two genes, IGHV3-13*01 and IGHV4-30-2*01, another base (G instead of A) predominates in rearranged sequences (2/38; 5% of genes with eight, fully defined bases between codon 104 and the RSS). It is possible that these differences are the results of the presence of previously unrecognized alleles of these germline genes in the genomes of these individuals. However, given the existence of the IGHV 3′-trimming process during the recombination event, the evidence is not there to support inference of a new allele of these genes. In all, these findings suggest that inference of more than 7 bases beyond codon 104 (encoding cysteine) is not possible unless we accept a high degree of uncertainty of the call.
In the past, we demonstrated that inference using standard criteria incorrectly infer germline variants even in codon 106. Indeed, frequencies of individual bases other than the proposed germline-encoded base reaches substantial levels at base 318 (2-17% (with the exception The transcripts that encode the residue are derived from rearrangements involving germline genes that have bases GA (A), CA (B) AG (C), AT (D), and GG (E) as the first to bases of codon 107. Sequences derived from germline genes for which these bases are not defined by IMGT (IGHV1-2*02 T163C, IGHV1-69*02, IGHV3-7*02, IGHV4-38-2*01, and IGHV5-10-1*01) were placed in the group defined by these bases of similar germline genes. All panels were generated using WebLogo 3.5.0 (Crooks et al., 2004) .
of IGHV3-7*02, see below)) and base 319 (4-15%). Standard cut-off criteria of allele acceptance (e.g. a level > 10-12.5%) in comparison to another allele of the same gene (Corcoran et al., 2016; Gadala-Maria et al., 2015) may not be sufficient as we approach the 3′-end of the gene. We envisage that other criteria, like haplotype-based confirmation (Kirik et al., 2017a,b) , whenever possible ought to be implemented in cases when diversity is implied in bases towards the 3′-end of IGHV genes.
One of the herein investigated alleles, IGHV3-7*02, differs in transcripts' codon 106 (predominantly AGG instead of AGA) from all alleles of this germline gene that are recognized by IMGT. The bases following codon 106 of IGHV3-7*02 have not been described in the current version of the IMGT database. The ability of inference software to appropriately identify it in a subject that also use the very similar *01 allele of the gene, has been supported by haplotype-based analysis (Kirik et al., 2017a,b) . Importantly, bases 319 and 320 in transcripts were mostly represented by G (80 ± 1%) and A (61 ± 1%), respectively, in the herein investigated dataset in similarity to bases found in many germline genes and their transcripts, including the closely related allele IGHV3-7*01 (Fig. 3A) . This finding suggests that extensive 3′-trimming of the allele might not proceed that far into the gene during rearrangement to generate the unexpected difference observed in base 318. For transcripts with an origin in IGHV3-7*02 derived from two subjects investigated in the DeKosky set of data (DeKosky et al., 2015) , the primarily incorporated bases at these three positions were similarly defined as AGG (Fig. 3B) . These findings together argue in favour of a common allelic variant of IGHV3-7 that incorporates AGG in codon 106, an allele that has escaped recognition in the past. An analysis of variant calls from the 1000 Genomes project implied the existence of a germline gene, IGHV3-7*107p (Yu et al., 2017) , identical to the herein described IGHV3-7*02 A318G allele. The approach taken in that study has however been questioned (Watson et al., 2017) as it has several important caveats that affect the validity of the identified gene variants. Nevertheless, we expect that genomic sequencing will eventually be able to properly identify such a gene in the future.
The usage frequency of germline-encoded bases at the 3′-end of IGHV genes (just upstream of the RSS' heptamer) will influence the sequence of the ascending part of CDR3. Aspartate and glutamate, or histidine and glutamine, the side chains of which may participate in polar interactions, are encoded by many germline genes (those that carry the common GA and CA motives in base 319-320, respectively). However, in this study we observed a substantial difference in the incorporation of these polar/acidic residues in products of transcripts of different germline genes (Fig. 4) . It has long been recognized that residue 107 is often (but not always) exposed to the exterior and involved in antigen recognition (MacCallum et al., 1996) and the side chain of this residue may thus directly affect the nature of the paratope. We furthermore envisage that the observed difference in the physiochemical nature of the residue in position 107 will influence predominant features of the CDR3 of the H chain V domains derived from rearrangements involving different IGHV germline genes. While the side chain of polar residues in position 107, as outlined above, may participate in polar interactions, for instance with residue 40 of the H chain V domain, small or apolar side chains like glycine and leucine differently contribute to the establishment of the structure and flexibility of CDR3, and consequently to the architecture of the binding site (Fig. 5) . We can only speculate on the reason for these observed differences in makeup of the ascending strand of CDR3 in the context of different germline genes. Potentially the recombination machinery acts differently on the different germline genes, on average incorporating more or less of the 3′-end of the IGHV gene into the rearranged gene product. Alternatively, the germline gene-encoded amino acids in position 107 are differently likely to establish a well-folded, sufficiently stable product in the context of CD179a/b (VpreB/λ5) and/or a final, mature L chain, that allow the developing B cell to survive and reach maturity. Irrespectively of the underlying molecular mechanism, it appears that different germline genes incorporate its 3′ bases to different extents. Future studies of the recruitment and structural evolution of naïve B cells with different residues in position 107, will be required to define its role in shaping the repertoire in response to antigenic challenge. Beyond the impact of the observed difference in incorporation of the last base of the IGHV gene on the available immunoglobulin diversity, it also impacts our ability to, with confidence, infer the 3′-most bases of IGHV genes. We hereby uphold our past findings (Kirik et al., 2017b ) that substantial care should be exerted and particular criteria used when inferring bases beyond codon 105 of immunoglobulin H chain V domains, and that inference of bases beyond base 319 currently should be avoided in order to maintain appropriate inference specificity.
Conclusions
We have demonstrated that human IgM heavy chain transcripts do not necessarily incorporate the 3′ most bases of the IGHV germline gene from which they derive and that frequencies of other bases than the germline-encoded can reach significant levels already at position 318. Consequently, we suggest that inference of genes from immunoglobulin transcripts should be limited to bases preceding position 320, and that any inference of bases beyond codon 105 requires particular attention. Importantly, the variable degree of incorporation of the last base of different IGHV genes into rearranged products of B cells, translates into differences in the composition of the ascending strand of CDR3 of antibodies derived from different germline genes. Finally, we have showed evidence of a currently un-recognized allelic version of IGHV3-7, which resemble IGHV3-7*02 but contain an A318G.
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